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" OF COMPUTING DRAG COETFICIENTS FROM FLIGHT DATA

By Thomas'L, Keller and Robert F;:Iqﬁpqr.
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. | SUMMARY.

A comparison was made between the ‘energy and the accel-
erometer methods of computing drag coefficlent’s from flight
tests of.t he P-51B and the P—39X alrplanes, The energy

; method was found to be unreliable with the present types of
instrumentatlion except under the prag¢tically unattalnable
conditione of very steady flight at conegtant indicated alr—
speed within a vsrtically stationary air mass,

INTRODUCTION

In the past, many measurements of the drag of alrplanes
in flight have 1nvolved the use of some varimtion of the so-
called fenergy method" (described in the appendix) for the
reduction of the data, The results obtained by this method
are frequently very erratic, otcasionally even giving -nege~
tive drag coefficients. t o

Since the results from the "accelerometer méthod"
(described in' the. appendix)’ appear to be conslistent with
computed and wind-tuanel data, the flight—-test results re—
ported in reference .l offer an excellent opportunlty for
comparison of the two methods to determine the cause of the
discrepancies, This report presents .such a comparison and
includes supplemental data obthined from two specilal dives
performed at constant indicated airspeed.in the P-39-E-1
alrplane, . .
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--+. - -DRESCRIPTION OF RQUIPMHNT.

Aifplanes

The airplanes used for the tests ware the North American
P-51B-1~NA and the Bell P-39N~1, Complets descriptions of -
these alrplanes are gliven in references 1 gnd 2,

Ingtrunentation

Standard NACA photographically recording instruments,
installed in both alrplanes, were used to obtaln airspeed,
pressure altitude, normal and longitudinal accelerations,
and (for the P—39X alrplane only) nngle of attack as func—
ticns of time, Values of free—alr tempsrature .at different
altitudes ‘'were obtalned during ascent from the pilot's 1ndi-
cating instruuent and were corrected for temperature rise
due to impact of, the alr stream,

The airspeed—moasuring syatems utilized ag. sources of
pitot—static aend total pressures, freely swiveling pitot—-
static heads mounted on booms located beneath the wing tips,
These booms exteanded approximatsly 0,8 of the local wing
cherd ahead of the leading edge, Fach pitot—static head
conslsted nf two static—pressure tudbes and one total-pres—
sure tube, which permitted the use of indepandent sources of
statlic pressure fcr both the alrspeed and the altitude
recorders,

‘The pressure lines from the pitot—static head to the
recording instruments were nade as short as possidle in
order to minimize lag, and the linee to the recording air— ’
speed meter were balenced to give equal flow rates in the
static and total-pressure tubes dvring rapld changes in-
pressure, OGround tests of mock-ups of the alrspeed and
the altitude pressure lines indicatod that .the lag in the .
systemes at the maximum rates of descent caused an error 1in
the rocordod altitude of about 20 feet at 15,000 feet
(negligibla) for Voth eirplanes,

A correction for the position arror of the pltot—static
tube was determined from flights at varioue alrspeeds past
a fixed visual reference point of known constant pressure
altitude, It was assumed that the measureaments of total
pressure were correct and that the variation of recorded
altitude with airepeed (obtained by a special sensitive
altimeter) at the constant pressure altitude resulted from



" NACA OB ¥o.. 5H31 3

the poaltion of the static tube only, Since the naxinum

error in altituﬁei as -deterpined by this calibration, was

loss than the accuracy of the-recording. dltimeter used in the
dive tests, no attempt was made tb-correct the altimeter read—
ings for poslition error,

The accuracy of the swiveling pitot—static head has been
investigated at Mach numbers up to 0,80 in the 16—foo% wind-
tunnel st the Amee ALeronautical -Laboratory. The results show
that the effects of-compressibility not. included in the regu~-
lar airspeed calibration ar@® negligiblé over the flight Mach
number range investigated, ,

The correst indicated airspeed was computed by.use of
the standard formula .

- o .288 2/
v1=1703|(§=2+1> -1
[
. Po
whore

Va correct indicated alrspeed, miles per houf,

4 froo—-stream total pressure
P free—stream static pressure
Po standard atmospheric pressure at sea level

METHOD OF ANALYSIS

If accurate drag data ars availadle for an alrplane in
flight 1t 1e possible to ahalysze, indirectly, the errors
involved in the use of the energy method by working backward
from the drag data, through the energy method equations, to
obtein values of airgpeed or altitude, A comparison of these
values with the actual values recorded during the flight
offers sone ingight as to the neture of the errors, The fol-
lowing diascussion gives.a derivation of the necessary equations
and a detalled explanstiom of the process,

The equaticns for the drag coefficient, based on the
energy and the accelersueter methods (excluding propeller
thrust) have been derived in the appendix, The equation from
the energy method has been ghown to be
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oo e -”c i"(glh/dt avT/dt>- e
= — . . . ¢
. D q§ VT 4 '
vhore .
1 ﬁeight of airplane pounds
q free—etreem dynamic pressure poﬁnds-per.equare foot
S wing area square feeoet
h true altitude, feet

Vop tfue alrspeed, feet per second

t tine, seconds
g acceleration due to gravity, 32,2 feet per second per
second

In thig digcussion the slopse of the altitude curve
dh/dt will be assuced pcstive when h decreases, and the -
slope of the airspeed curve dVp/dt will be assumed posi-
tive when Vg 1increases; hence the minus sign in egquation
(1), Equation (1) can be transformei as follows:

dVp  (dhfdt  Cpq8")
o (5-8) (2)

or

- dh =( Cpas dv._l;/dt.>

" + V. (3)
o dt v. € .

‘The. following expressione, solvable ty graphical in-—
tegration,.can be derived frou equations (2) and (3):

c
e T +//dh/dt__ 1gqs> ¢ at

' t /Cnas  dvg/at
h = hO a— [ ’\ Dq + .EI', > vT d.t
Jo W g
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Thus, if the drag .dates obtained by the accelerometer:
method are approximately correct and the recorded velues.of
altitude are assumed to de correct the corresponding -alir—-
speed—time curve can be computed by e serles of approxi-
maetions and integrations, In the same manner, the corre—
sponding altitude—time curve can bé computed 1f the recorded
values of airgpeed -are assumed to be correct, The dif-
ference: between -the computed. and recorded airepeed or alti-
tudle.curves,. then, 1s the. amonnt of error which would pro—
duce ths corresponding error in’ the drag—coefficient curve,

‘ TESTS, nmsui.'.l[s,_ AND DISCUSSION

Unrestricted Plight Conditions

Flgures 1 and 2 show examples of airgpeed and altitude
calculated by the foregoing method from the data of a
propeller—off dive of the P-51B airplane (dive No, 2,
reforence 1), TFigures 3 and 4 show drag curves for the same
flight, calculated by the energy snd the accelerometer methods,
from which 1t 18 apparent that the energy nethod ylelds
extremnely erratic results,

The errors 1n the altitudo curve (fig, 1) or in the
alrspeed curve (flig, 2) necesasary to produce the variation
of drag coefficient shown in figures 3 and 4 are very saall,
and it is apnarent that n small error in either airspeed or
altitude could cause sufficlient change in slope to produce
a very large error in the computed drag coefficlient, 1In
fact, evon small errore in falring these curves could lead
to appreciable errors in drag coefficient, Furthermore, 1t
should be noted that the curves of figures 1 and 2 represent
the outside linits of the error; that 1s, the error in each
quantity was couputed on the basls of no error in the other
quantity, Actually, the error probably is divided between
alrspeed and mltitude and thus 1s less than that shown for
either,

The dives reported in reference 2 did not follow any
definite flight technique; that 1s, alrspoed and altitude
were allowed to vary Gnrestrained, t he gsole objective of the
Pllot belng to attain as high Hach numbers as possible, The
question has been raised, however, as to whether dives at
constant lndicated airepeed would yield data amenadle to
the energy method, It was believed that this type of dive
would yleld the smoothest possible variation of true alrspeed
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- -
- re

. with time with the resultant increase in accuracy of the
_hmeasurad slopea dVp/dt and decrease in any unknown errors
_due to rapid preasure changes, .

Restricted Flight-conditioﬁa

"In’ order to ascertain the effect of a definite flight
téchnique on the results of the energy method, therefore,
two dives at nearly constant indicated airspeed were per—
formed in the P-39¥~1 airplane, A sensitive longitudinal
accelerometer was included in the instrumentation for these
flights, so that & direct comparison could be made between
tho doubtful quentities involved in tho energy method and
corresponding quantities of established accuracy uesed in the
accelarometer method, )

Time historlos of varlables measured durlng the two dives
are presanted in figures 5 and 6, The necessrry correctlons
for froe—alr temparature wero applied to the indicated values
of sirspeed and rate of change of presssure dp/dt to obtain
the true values of alrspsed and rate of change of altitude
dh/dt wuseed in the computations of the longitudinal force
.factor,

Figure 7 shows & comparieon of the longitudinrl force
Jfnctors (Az sin a - Ay cos a) from tho accelerometer method

‘dh/dt  aVp/dt : '
and - __l__ — __Eli_:> from the energy method, ' Theoretlcally,
v f-4 ' '
T

during any one dive, these quantitlies should be ldentical,
The resultant drang coofficlent computed from these data is
presanted in flgure 8, It will be observed that during the
time interval for each dive 1in which the condlitions were
extremely steady (70 to 145 seconds in dive numder 1, and
55 to 150 secomds in dive number 2) the maxiuum difference
in drag coefficlent ACp 1s approximately 0,0021 and the
average ACp 1is very small, The agreement in results is
considerably improved over thet of the unrestricted dive,
(See figure 3,) It is apparent, howaever, that the slightest
variation from steady.conditions cnusenr viio variation be-
tween the computed longitudinal force factors and renders
the cenergy methoé unrnliable,

Furthermore,. slnée the derivation of the energy mecthod
does not allow for any extraneous acquisitlon of energy,
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such as that due to vertlcal alr currents or changes of
werticel alr currente, considerable error -could be intro—
auced by the alrplanetls transit through a rising or de—
gcendling alr:mass, -- .- . '

It is beliaved tha$, 1f sxtremely steady flight condi-
tions (including constant indicated airspeed) could be main-
tained by the pilot, the energy wmethod of computing drag
coeffliclent would be of value,l In practical flight-research
work, especlally at high Mach numbers, however, the roequired
condltlions are seldom achieved and are difficult to recognize
vhen they are achleved, Thus, 1t is belleved that the
energy method cannot be rellied upon for conclusive results,

CONCLUSIONS

Frou ccuparlison with the accelerometer method, the
energy method of computing drag coefficlent from flight data
is belleved to be unreliahle wlth the present instrumentation
for the following reasons:

l, The condlitions of constant indicated airspeed and
very steady flight, which appear to be essential for accurate
apolication of the energy method, are improctical for ordi—
nery flight—-research work (especlally at high Mach numbders)
and are difficult to achleve and to recognize,

2, The energy method 1s correct only for flighjs in ailr
having no vertical veloclty,

4mes Aeronautical Laboratory,
Natlonal Advlsory Committee for Aeronautics,
Moffett Fleld, Calif,

2It 1s instructive to note that, since, theoretically,
the energy method should be exact: for flight in still alr, it
ls possible that tho sltitude and airspeed curves of figures 1l
and 2 represent a type of pressure calidbration and that the
recording systems are actually in error by various amounte,
The differencee shown in figures 1 and 2, however, only can
give a qualitative picture of the error because the relative
amounts of the total error attributadle tc altitude and to alr—
speed are not kncwn and the vertiocrl motion of the alr mass
during the dives could not be determined, ZFurther study along
this line might be of considerabdle interest,
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_APPENDIX 4

Symbols

Symbols uapd_thruuéhouf.this rbbort.aﬁe listed as follows:

" correct indicated eirspesd, miles pb}-hQur
-frse—stream total pressure:

. free—stream static pressure

standard atmospheric pressure at sea level

weight of alrplare, pounds

‘free—-strean dynanoic pressure, pounds ‘per squere foot

wing data, square feet

_true altitude of airplans, feet

't;ﬁe airspead, feet'per_secqnd

time, seconds

'acceleration due to gravity, 32,2 feet ,per second per

second
energy, foot—pounds
drag,'pounhb -
the ratio of the net aerodynamic force along the alr—

. -« plane Z—axis (postive when directed upwurd) to the
- walght ‘of ‘the airplane )

the:ratio of the net qerodynéﬁf& force é16ng the alr—

plane. X—axie (positive when directed forward) to
the weight of the airplane

the resultant of Az and Ay
fLi?ht—path angle from hnrizantal dégrees_'

angle of attack devrees
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APPENDIX B

DERIVATION OF THE ENKRGY AND THE AbGELEEOHETER METHODS
OF COMPUTING DRAG COEFFICIENT FROM FLIGHT DATA
Derivation of Energy Method

The total energy ( excluding that due to propeller thrust)
of an airplane in flight in st1l1ll air with respect to a point

.on the enrth at sea level may be expressed by the eaquation

E = Wh + ———o (B1)

The rate at which onergy 1s oxpended by nn alrplane in flight
18 equal to the drag multiplied by the vclocity, or

[L'-""I 7 v
%{a‘ = ner "3 (B2)

Differentinting equation (Bl) with respect to time gives

ag _ (an Vg avp)) (B3)
at at g dt

Combining equations (B2) and (B3) yields

{ dh . V@ av )
D Vp =Wl &2 4 22202
AN s &t

/ -
or D =¥ \dh/dt . dVep/dt ),
. VT €

and thus

A}
W (dh/dt . dvm/dt)

as vlll g

Cp
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Derivation of Accelerometer Method

The diegram of the accelerations (excluding that due to
propeller thrust) acting on an airplane in flight 1s glven
below: ) -

““--- Airplane ref-
erence llne

7 47 " ----Flight path

The resultant acceleration acting on the alrplane is R,
Its componcnte olong the alrplane rxesg are Ay end Ag,

The external (aerodyﬁamic) forces which produce Ax
and Ay are equal to WAy and WAz and sct in the same

direcctions as Ay and Ags-

Posiltive drag 1s defined as an oxternal force acting
renrward along the flight path, Therefore, since the cow-
ponent of positive WAy ects forward along the flight path

and the component of positive LEY scts rearward, for posi-
tive values of a, the drag equatlon becomes

D = WAZ sin oo — WAX cos o
and

Cp = g% thg sln ¢ — Ay cos a)
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